Genetic Inference From Directional Asymmetry During Convergent Hindlimb Reduction in Squamates
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Introduction
• Appendage reduction and loss is common in
vertebrate evolution. How often does such
independent evolution depend on similar
developmental and genetic pathways?
• Many threespine stickleback populations have
independently evolved pelvic reduction, often due to
independent mutations causing reduced Pitx1
expression.
• Reduced Pitx1 expression has also been implicated
in pelvic reduction in manatees. Thus, hindlimb
reduction stemming from reduced Pitx1 expression
has arisen repeatedly in groups that diverged tens
to hundreds of millions of years ago.
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Methods
• We ran pwr.chisq.test in R to determine sample size needed to detect significant deviations
from symmetry. For power >0.5, sample sizes must be >60. We targeted 80-100 individuals
per species.
• Specimens were scanned in a Perkin-Elmer microCT scanner for four minutes. 3-D scans were
reconstructed in InVesalius v.3.1 and were landmarked with MeshLab 2016 by S.S. to measure
pelvic girdle and femur and femur lengths.
• We used a two-tailed chi-square test (chi.sq.test in R) on each trait for each species to test if
the proportion of specimens with larger left-side vestiges deviated significantly from 50%.
• We used a two-tailed, paired t-test (t.test in R, paired = TRUE) to determine if left-side vestiges
were significantly larger than right-side vestiges.

Results

1
Stuart

Results
Table 1. Results of paired t-tests and chi-square tests used to detect leftbiased asymmetry in hindlimb vestiges. t-tests ask whether asymmetry is
biased to one side; negative t-statistics imply left-biased asymmetry. Chisquare tests probe for deviation from 50:50 left vs. right bias in a sample.
Pelvis
Agamadon anguliceps

t-stat (d.f.)
2.53 (123)

P value
0.01

X2 (1 d.f.)
1.97

P value
0.16

Bachia intermedia

1.40 (102)

0.16

0.82

0.36

Indotyphlops braminus

-1.55 (94)

0.12

0.13

0.72

Chalcides sepsoides

-2.16 (82)

0.03

0.00

1.00

Teius teyou

3.10 (75)

0.00

3.90

0.05

Ophisaurus spp.

0.56 (93)

0.57

0.02

0.88

Femur
Bachia intermedia

t-stat (d.f.)
1.86 (71)

P value
0.07

X2 (1 d.f.)
4.13

P value
0.04

Chalcides sepsoides

-3.34 (71)

0.00

1.38

0.24

Teius teyou

-1.03(68)

0.31

0.36

0.55

• Pitx1 driven hindlimb reduction produces vestigial
hindlimbs with larger bones on the left side—
directional asymmetry1. We used this phenotypic
signature as a genetic proxy to test for Pitx1 in six
genera of squamate reptiles that have
independently evolved some level of hindlimb
reduction: Agamadon anguliceps, Bachia
intermedia, Indotyphlops braminus, Ophisaurus
attenuatus, Ophisaurus ventralis, Chalcides
sepsoides, and Teius teyou

• Significant left-larger asymmetry occurred in one taxon (C. sepsoides, Table 1,
Figure 1), indicative of modified Pitx1 expression.

• Observation of left-biased vestigial asymmetry in
squamate hindlimb loss would implicate Pitx1 in yet
another major vertebrate lineage.

• There was either no directional asymmetry or right-larger asymmetry in the
remaining five taxa, suggesting that there are multiple developmental genetic
pathways to hindlimb reduction in squamates.
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Discussion

• This is likely because Pitx1 is controlled by different regulatory mechanisms in
fish and tetrapods: the PelA enhancer modified in threespine stickleback is
unique to fish, while tetrapod Pitx1 expression is controlled by Pen 4. As a result,
tetrapods might experience different pleiotropic constraints on Pitx1 regulation.
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Figure 1. Agamadon anguliceps (Fig. 1A, top left) and
Bachia spp. (Fig. 1B, bottom left). A. anguliceps has
lost hindlimbs completely and retains a vestigial pelvis.
B. intermedia has reduced hind limbs and pelvis.
Reconstructed images of hindlimbs for A. anguliceps
(Fig. 1C; vestigial pelvis only) and Teius teyou (Fig. 1D;
vestigial femur and pelvis). Green arrows denote bone
ends. Bone lengths were calculated from landmark
coordinates at the tip of each arrow.

Figure 2. Bar plots showing the frequencies and absolute value of the magnitude of larger-left
and larger-right pelvic asymmetries (above) and femur asymmetries (below), for species with
femurs. Each bar is an individual. Individuals on the left side of the vertical line have left-larger
pelvic asymmetry. Individuals on the right side of the vertical line have right-larger pelvic
asymmetry. Percentages do not add to 100 for taxa with individuals with 0% asymmetry. Only
Chalcides shows any statistical evidence of left larger bias for vestige size but not proportion of
individuals with left-side bias (Table 1).

• Our findings are consistent with available evidence from non-model organisms
that there are multiple developmental and molecular routes to hindlimb
reduction5. Hindlimb loss is likely non-parallel in squamates and Pitx1 is only one
of multiple genetic pathways that could be used to respond to similar selective
pressures.
• We are excited to note that this work has been accepted for publication at the
peer reviewed journal Ecology and Evolution!
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